The selective removal of lead and chlorine with minimizing zinc loss from electric arc furnace (EAF) dust is very important in the process for recovering high purity zinc from the EAF dust by high temperature metal recovery (HTMR) processes. In this study, the volatilization reaction of lead contained in the EAF dust was investigated at reaction temperatures between 973 and 1223 K in air. The main volatilization reaction equation of lead was found as follows:
Introduction
Since the production of steel in electric arc furnace (EAF) by recycling iron scraps is more attractive than the traditional integrated processes in terms of resource conservation and lower capital investment, the amount of EAF dust emitted from the EAF will continue to increase. [1] [2] [3] [4] In a typical EAF operation, approximately 1-2% of the steel production is converted into dust. In the current, over 300,000 tons of EAF dust have been produced each year in Korea. 5, 6) It is already well known that EAF dust is a hazardous waste because of its unacceptable levels of leachable toxic metals such as lead and cadmium and so on. These metals are part of EAF dust generated by the recycling of bearings, printing plates, battery plates, and electric scraps and so on. Thus, the disposal of the dust is environmentally dangerous if improperly managed. However, EAF dust contains significant amounts of zinc and iron. Since the use of galvanized steel continues to increase in the automotive industry, the amount of zinc in the dust will rise concurrently. There are currently many different processes to recover zinc from EAF dust. These can be categorized into the following classes:
1. High temperature metal recovery (HTMR) processes or pyrometallurgical processes, 2. Hydrometallurgical processes, 3 . Hybrid processes such as thermal reduction followed by leaching. Although hydrometallurgical and hybrid processes are developed recently, the major processes applied for recovering zinc from EAF dust are still the HTMR processes. Various commercialized HTMR processes include Waelz rotary kiln process, 7) modified Waelz kiln process, 8) flame reactor process and several plasma processes. [9] [10] [11] [12] In spite of the extensive process development related to the HTMR processes, very little fundamental kinetic data on the volatilization reaction of lead contained in EAF dust are available. Only a few researchers reported that lead contained in EAF dust was volatilized as a form of lead chloride (PbCl 2 ) that was formed by the reaction of lead oxide and chlorides like NaCl and KCl contained in the dust. 13, 14) The volatilization reaction of lead in EAF dust is of some interest in the process for recovering high purity zinc from the dust by the HTMR processes.
Therefore, in the present study, the rate of the volatilization reaction of lead in EAF dust was measured by using a weight-loss technique at the reaction temperatures between 973 and 1223 K in air. The rate data reported in this paper was determined by eliminating the effects of external mass transfer and diffusion between the particles.
Thermodynamic Considerations
The possible volatilization reactions of lead contained in EAF dust with chlorides such as NaCl and KCl in the dust were examined based on thermodynamic analysis. Equilibrium compositions at various temperatures were calculated to find the most suitable volatilization reactions of lead in EAF dust. The thermodynamic analysis was performed by the use of HSC chemical software developed by Outokumpu Research Oy, which is based on the principle of the Gibbs free energy minimization. The input data as well as the gaseous and solid phases considered in the equilibrium calculation are presented in Table 1 . Here, the input data were obtained from the chemical composition of EAF dust used in this study. Figures 1 and 2 show the calculated data as the number of moles of different gaseous and solid phases formed at the equilibrium state as function of reaction temperature. Figure 1 indicates that lead in the EAF dust is volatilized as a form of PbCl 2 . The figure also shows that the volatilization possibility of lead as a form of PbCl 2 is the highest, while that of zinc and iron as chlorides is almost negligible. Thus, it would be expected that the selective removal of lead and chlorine with minimizing zinc loss from the EAF dust is possible. Figure 2 shows that many new phases such as NaAlSiO 4 , KAlSiO 4 , KCaCl 3 , CaCl 2 , Zn 2 SiO 4 , and ZnSiO 3 are formed in the solid phase at the equilibrium state. Based on the results of these thermodynamic analyses, the possible volatilization reactions of lead in the EAF dust are presented in Table 2 together the standard free energy (ÁG ). As shown in Table 2 , reactions (1) and (2) will be favored thermodynamically because the ÁG values are negative in the temperature range 973 to 1223 K. The volatilization reactions of lead in the EAF dust were thus investigated further by carrying out experimental work for chemical reagents and EAF dust.
Experimental

Materials
Materials used in this study were PbO, ZnO, Al 2 O 3 , SiO 2 , NaCl, KCl, and EAF dust. Analytical grade PbO, ZnO, Al 2 O 3 , SiO 2 , NaCl, and KCl manufactured by Junsei Chemical Company in Japan were used to verify the reaction ratios and products for reactions of (1)-(3). The particle sizes of the powder ranged À74 mm. The EAF dust obtained from a steel making company in Korea was used to measure the volatilization reaction rate of lead in the dust. Here, humidity and some organic compounds contained in the dust was removed by drying at 773 K for 90 min to easy elucidate the kinetic data of the reaction. The elemental composition of the dust is shown in Table 3 . The major elements in the dust are zinc and iron. Also, there are relatively high concentrations of the hazardous elements such as lead and cadmium as well as significant quantities of alkalis and halides. An X-ray diffraction pattern of the dust is shown in Fig. 3 . The major identified peaks in the pattern indicate that the dust contains zincite (ZnO), franklinite (ZnFe 2 O 4 ), lead oxide (PbO), sodium chloride (NaCl), and potassium chloride (KCl). However, lead and zinc chlorides were not detected. Thus, they were not considered in this study. Also, many low intense unidentified peaks were found. Based on the results of chemical analysis and X-ray diffraction analysis of the EAF dust, the concentrations of some of the major compounds in the dust were calculated and shown in Table 4 .
Procedure
Experiments were carried out in a horizontal tube furnace with cooling system. Figure 4 shows the schematic diagram 
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1 Equilibrium composition of gaseous phase calculated from the data in Table 1 . Fig . 2 Equilibrium composition of solid phase calculated from the data in Table 1 .
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of experimental apparatus used in this study.
In the experiment using chemical reagents, 0.50 g of each solid reactant was mixed thoroughly and placed in an alumina boat (1.2 cm diameter and 8.0 cm length), while in the experiment using EAF dust, the dust was thinly placed in the same boat. In the both experiments, the sample boat was first introduced in the less hot zone of the reactor. After 5 min, the sample boat was pushed into the central hot zone of the reactor that was maintained at the desired temperature. This procedure helped in reducing the time required for the sample boat to attain the reaction temperature. The temperature of this hot zone was maintained constant by a highly accurate temperature controller connected to a R-type (Pt-Rh 13%/Pt) thermocouple located in the constant temperature zone on the inside of the reactor tube. The temperature in the hot zone was maintained within AE2 K. Air purchased by Air Products Company in Korea was used as a carrier gas. Zero time was counted when the boat containing the sample was pushed into the reactor that was maintained at the desired temperature. After a stipulated time period, the reaction was stopped by sliding the boat from the central hot zone to the outer cool zone. The cooled residual solid was weighed, and this solid as well as the solid condensed from the gaseous product were analyzed.
A scanning electron microscope (JSM-6400, JEOL Ltd, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (Link Isis 3.0, Oxford Instrument plc, Oxon, U.K.) was utilized to obtain micrographs and to analyze the samples. The phases present in the samples were determined by the analysis of the X-ray diffraction patterns generated on a X-ray diffractometer (Rigaku D-max-2500PC, Rigaku/ MSC, Inc., TX, U.S.A.). Zn, Pb, Cu, Cd, Mn, Co, Ni, As, Sb, and Cr were analyzed by the induction coupled plasma (ICP) method (JY-38 plus, Horiba Ltd, Kyoto, Japan), and K and Na analyzed by atomic absorption (AA) method (Varian SpectrA A-400, Varian Inc., CA, U.S.A.). In addition, Fe, Si, Ca, Mg, and Al analyses were performed by wet chemistry, and the Cl and S contents were determined by the ion chromatography method (DX-300, Dionex Corp., CA, U.S.A). Carbon was also analyzed by a means of infrared detection system (Carbon Determinator WR-112, LECO Corp., MI, U.S.A.). 
Results and Discussion
Reaction ratios and products
Based on the thermodynamic consideration through the standard free energy (ÁG ), it was expected that the reaction ratio of the reaction (1) might be larger than that of the reactions (2) and (3). However, it is not appropriate to judge the reaction ratios of reactions of (1)- (3) only by the sign of ÁG . Thus, to verify the reaction ratios and products from the reactions of (1)- (3), experiments were conducted with chemical reagents and EAF dust.
For the reactions of (1)-(3) using chemical reagents, air of 1 l/min was passed over the samples held in an alumina boat. Figure 5 shows the results of volatilization ratio for the reactions after reacting at the reaction temperatures of 973 and 1223 K for 30 min. The figure indicates that the reaction ratio of reaction (1) is very higher than that of reaction (2), and reaction (3) happens only slightly at the high temperature of 1223 K. Figure 6 shows the X-ray patterns of the cooled residual solid and the solid condensed by cooling the product gas for the reactions of (1) and (2) . The X-ray patterns mean that reaction (1) and (2) are related to the volatilization reaction of lead because as explained above, NaAlSiO 4 and KAlSiO 4 in the cooled residual solid phases and PbCl 2 in the condensed solid phases are detected. Also, the X-ray patterns show that NaCl was not detected in the condensed solid phase for the reaction (1), while KCl was detected in the condensed solid phase for the reaction (2). It was thus found that the volatilization ratio shown in Fig. 5 for reaction (2) was somewhat related to the volatilization of KCl that did not participate in the reaction (2) . This can be explained by the fact that KCl has relatively high vapor pressure compared with other compounds. On the other hand, for the volatilization reaction of lead contained in EAF dust, experiments were performed for 5.0 g of the dust at the reaction temperature of 1223 K for 180 min in air of 1 l/min. Figure 7 shows the X-ray patterns of the cooled residual solid and the solid condensed by cooling the product gas obtained from the reaction. As explained above, NaAlSiO 4 in the cooled residual solid phase and PbCl 2 as well as KCl in the condensed solid phase are detected, while KAlSiO 4 is not detected in the cooled residual solid phases. Thus, the results shown here as well as in Fig. 7 indicate that the volatilization reaction of lead contained in the EAF dust in air is mainly related to the reaction (1).
Rates of the volatilization reaction of lead in the EAF dust
The rates of the volatilization reaction of lead in the EAF dust were measured as small-scale batch experiments. Experiments were continued until the sample showed no noticeable further mass change. The conversion at a particular time was determined by dividing the mass change of lead in the solid sample at the time by the initial lead mass in the solid sample.
Elimination of mass-transfer effects
To evaluate the effect of interstitial diffusion on the reaction rate of the volatilization of lead in the EAF dust in air, sample beds of different height (0.7-7.5 mm) were tested at 1223 K in air of 1.0 l/min. Figure 8 shows the mass loss of the EAF dust. As shown in Fig. 8 , the reaction rate is independent of a bed height below 3.7 mm. Thus, in all of the subsequent runs, a bed height of 3.7 mm was chosen to avoid the diffusion effects. The bed was formed by spreading 5.0 g of the EAF dust on an alumina boat as a thin layer.
The effect of gas flow rate in the range of 0.2-1.2 l/min was also measured for a fixed amount (5:00 AE 0:01 g) of the EAF dust at 1223 K in air. Figure 9 shows the mass loss of the EAF dust. The results indicated that the reaction rate is independent of the gas flow rate above 0.8 l/min. Thus in all of the subsequent runs, a working gas flow rate of 1.0 l/min was chosen to avoid external mass-transfer effects.
Effect of the reaction temperature
The effect of temperature on the lead volatilization ratio was examined by varying the temperature between 973 and 1223 K in air, while all other experimental variables such as sample mass and gas flow rate were kept constant. Figure 10 presents the results. Typical conversion-time curves, which were reproducible within AE3:0%, consist of two regions: an initial region of rapid reaction followed by a period of a slower rate. At 1223 K, about 98% for lead was volatilized in 90 min. It was also analyzed that about 98% for chlorine and about 1% for zinc were volatilized in 90 min at the same temperature. Thus, it was verified that the selective removal of lead and chlorine with minimizing zinc loss from the EAF dust is possible, as stated in the above section.
Interpretation of the rate data
Only a few researchers reported that lead contained in EAF dust was volatilized as a form of lead chloride (PbCl 2 ) that was formed by the reaction of lead oxide and chlorides such as NaCl and KCl contained in the dust. However, fundamental kinetic data on the reaction are not reported yet. Thus, the interpretation of the rate data was carried out using a number of different rate equations such as the spherical shrinking-core expression, from which the Jander solid-solid kinetics [15] [16] [17] [18] proved to yield the best results. The kinetic equation was derived for the reactions controlled by solidsolid diffusion. The applicability of this rate expression can be expected from the fact that the volume change of the EAF dust before and after reacting is very small because the amount of lead and chlorine contained in the dust is relatively small. In this rate expression, the volatilization ratio of lead is related to the reaction time by
Here, X is the volatilization ratio of lead, t is the reaction time (min), and k J is a constant (min À1 ) that is a function of temperature. It is apparent from eq. (4) that a plot of ½1 À ð1 À XÞ 1=3 2 versus t should be linear with k J as the slope. The validity of the Jander rate expression for the lead volatilization reaction in the EAF dust in air was verified by plotting the volatilization ratio-time curves of Fig. 10 according to eq. (4), as shown in Fig. 11 . Examination of this figure reveals that the rate data follow well eq. (4) . The values of k J were thus determined from the slopes of the figure. Figure 12 is an Arrhenius plot of the rate constants. The slope of the straight line placed through the experimental points yield an activation energy of 175 kJ/mol (41.8 kcal/ mol). The activation energy obtained is relatively high. The agreement of the rate data with the Jander equation as shown in Fig. 11 and the high activation energy indicate that the volatilization reaction of lead in the EAF dust in air is controlled by solid-solid diffusion. It is thus obvious that when the EAF dust is reacted by heating, the reactants must diffuse through a thin layer of the reaction products to react further. On the other hand, one of possible processes affecting the activation energy is probably the diffusion of sodium chloride (NaCl) through the pores in the solid since the melting temperature of NaCl is lower than other materials. However, no attempt was made in this work to elucidate the phenomenon.
Conclusion
The lead contained in the EAF dust at temperature range 973 to 1223 K in air is volatilized as a form of PbCl 2 by reacting with NaCl, Al 2 O 3 , and SiO 2 contained in the dust. The main reaction equation is 2NaCl + PbO + 2SiO 2 + Al 2 O 3 = PbCl 2 (g) + 2NaAlSiO 4 . At the reaction temperature of 1223 K, about 98% for lead and for chlorine and about 1% for zinc were volatilized in the reaction time of 90 min. Thus, the selective removal of lead and chlorine with minimizing zinc loss from the EAF dust would be possible. Jander rate expression was applicable over the entire temperature range. The volatilization reaction of lead in the EAF dust is controlled by solid-solid diffusion and has an activation energy of 175 kJ/mol (41.8 kcal/mol). 
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